Compared with traditional materials, nanomaterial has rich and excellent performance due to the size advantages. If nanotechnology is combined with pavement materials, it is foreseeable that it will have a profound impact on the development of the road. In the study, graphene oxide nanomaterial was added as modifiers to rubber asphalt and its microstructure was characterized. The rheological properties of graphene oxide rubber asphalt and the road performance of asphalt mixture were studied in accordance with the SHRP test. The results showed that graphene oxide could form a dense and stable microstructure with rubber powder and asphalt polymer. As a modifier, it could improve the anti-rutting performance of rubber modified asphalt and was more suitable for heavy traffic. Moreover, it had low sensitivity to temperature and was more suitable for areas with large temperature difference between day and night. The pavement performance of the graphene oxide rubber asphalt mixture had also been greatly improved.
low temperature performance, the pavement using SBS modified asphalt still has some problems. For example, under heavy traffic and severe climatic conditions, their road performance had not been further improved, and due to a single modification method, it was prone to early disease, aging, performance degradation, and could not meet special road sections [1, 4] . Compared with waste rubber, SBS modifier is not only expensive but also be poor in anti-aging properties. However, there are so many problems in traditional rubber asphalt such as unstable quality, sulfur-containing pollution, large odor, high temperature viscosity, and low temperature crack resistance [5, 6] . Its pavement performance has not been able to exceed SBS modified asphalt. Therefore, it is particularly important to modify the traditional rubber asphalt to add polymer technology. Among the many modifiers, nano-modifiers have shown great potential in meeting the needs of the pavement industry. Many studies had analyzed the performance of nanomaterial modified asphalt [7] [8] [9] [10] . Asphalt material is composed of many organic molecules, its chemical composition is extremely complex and can react with various types of modifiers. Therefore, it was necessary to study the modification effect of different types of nanomaterials such as nano-silica powder [11] , carbon nanotubes [12, 15] , carbon nano-fibers [16, 17] , polysiloxanemodified montmorillonite [18, 19] as well as non-modified and polymer modified Nano-clay [20, 21] used on asphalt. W.J. elaborated that more than a dozen nanomaterials could contribute to the performance optimization of pavement materials at the SATC meeting [22] . Jamshidi [23] discussed the rate of change that takes place in the rheological properties of asphalt binders modified with numerous types and contents of nano-materials. Through domestic and foreign research, graphene has a certain degree of research and application in the field of composite materials and intelligent transportation [24] [25] [26] [27] due to its own mechanical properties [28] , electrical properties [29, 31] , thermodynamic performance [32] and other advantages [33] . Although graphene exhibits various excellent physical properties and low production costs, it is prone to agglomeration. A rich oxygen-containing group is attached to the base surface and the edge of the graphene oxide (GO) structural unit, and these oxygen-containing groups mainly include -COOH, -OH, C=0, and epoxy-0-, etc [34] . These oxygen-containing groups provide a large number of active sites for the functionalization of the surface of GO [35, 36] , shown as Figure 1 . At present, only few scholars had studied the addition of GO to modify asphalt and asphalt mixtures [37] [38] [39] . However, the microscopic properties of GO and its macroscopic mechanical properties were not combined. In this study, GO was added as a modifier to rubber-modified asphalt, and the microstructure changes of the samples were scanned and analyzed. Then, the rheological properties and road performance of the samples were systematically tested according to the SHAP plan. The excellent properties of GO adding to rubber asphalt had been fully verified, and this study provided more options for the modification of asphalt materials.
Test materials and methods

Raw materials and preparation of asphalt samples
Raw materials
The style of matrix asphalt was SK-90 (Whose penetration grade is 90#). 90 means the penetration of the asphalt binder at 25 ∘ C ranging from 80 to 100 (units in 0.1 mm). The technical indicators were detected accordance with the "Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering" (JTG E20-2011), and the results were shown in Table 1 . The indicators of matrix asphalt met the specification shown as in Table 1 . The rubber powder was the A grade 40 mesh rubber powder. The technical specifications of grapheme was shown as in Table 2 . 
Preparation method of rubberized asphalt
The three asphalt samples were prepared by melt blending method, mainly using high-speed shear emulsifier to disperse nano-material graphene, rubber powder and SBS modifier in asphalt.
Test methods
Graphene oxide rubber asphalt (GORA), rubber asphalt (RA) and SBS modified asphalt (SBSA) were selected as the research objects, and Scanning Electron Microscopy (SEM), multi-stress repeated creep (MSCR) and dynamic shear rheology (DSR) tests were performed. Mixing design of GORA, RA and SBSA asphalt mixture by rotary compaction with AC-13 as the mix structure type (calledAC-13-GR, AC-13-R,AC-13-SBS). High temperature stability, low temperature performance and water stability of the mixture were tested.
SEM test
The surface of three asphalt were observed by using a scanning electron microscopy (SEM, ZEISS, EVO18, Germany). The maximum magnification of SEM is 100,000 times. The specific methods for SEM test are followed: (1) Samples of three asphalt were melted into trichloroethylene to form the solution with a mass fraction of 10%. (2) The solution were uniformly dropped on a metal-like pile with a conductive cloth and dried under an infrared lamp. (3) The dry samples were sprayed as trichloroethylene was completely volatile. (4) SEM tests were carried out on samples.
DSR test
According to the SHRP plan, the three kinds of asphalt were subjected to DSR rheology test. The instrument used in the DSR test is a high precision TA-HR-1. The DSR test took the following two sweeping methods.
(1) Temperature sweep (TS) TS was in a stress-controlled loading mode with a test temperature range of 58 ∘ C to 88 ∘ C, an interval of 6 ∘ C, a stress level of 100 Pa, and a test frequency of 10 rad/s. (2) Frequency sweep (FS) FS was in strain -controlled loading mode with angular frequency range of 0.1~100 rad/s, which strain level was 1.25%. The three asphalt samples were subjected to FS test at 30 ∘ C~70 ∘ C.
Multi-stress creep recovery (MSCR)
MSCR was carried out for 10 times (Creep 1s, recovery 9s) at the temperature of 64 ∘ C and shear stress of 0.1 kPa and 3.2 kPa using DSR tester.
High temperature stability test of mixture
Rutting test, which can be evaluated performance of rubber asphalt mixture at the high temperature ,were carried out on the asphalt mixtures in accordance with "Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering" (JTG E20-2011). The rutting plate samples with the size of 300 mm×300 mm×50 mm were formed according to rolling method at the temperature of 60 ∘ C and pressure of 0.7 MPa.
Low temperature performance test of mixture
The bending test of the trabecular, which could evaluate the performance of the rubber asphalt mixture at low temperature, were performed on the asphalt mixtures with two grades and three contents according to JTG E20-2011. The trabecular specimens were formed with rock cutting machine. Firstly, rutting plate samples were cut into beam specimens with the size of 250mm×30mm×35mm. Secondly, the trabecular specimen was in incubator at −10 ∘ C for 3 hours before test. Lastly, the bending test of the trabecular was carried out at the temperature of −10 ∘ C and a loading rate of 50mm/min.
Water stability test of mixture
The cylindrical marshall specimens with size of 101.6×63.5mm after repeated freeze-thaw cycles was tested by the Marshall Stability meter produced by Changsha Yaxing Company. Specimens of repeated freeze-thaw cy- (3) The test pieces were placed in a plastic bag containing 10 ml of water and frozen for 6h in a refrigerator with constant temperature of −20 ∘ C. (4) The specimen was placed in a sink with constant temperature of 25 ∘ C and melt for 2 hours. The four steps were a freeze-thaw cycle. The split test was carried out according to the conditions of the freeze-thaw cycle for 0, 3, 6, 9 and 12 times.
Results and discussion
Testing of three asphalt samples
The three asphalt samples of GORA, RA, SBSA were tested. The test results were provided in Table 3 . As given in Table 3 , general performance indicators of GO had been improved compared to RA and SBSA.
Microstructure analysis of materials
The microstructures of GO, RA, GORA, SBSA scanned scanned by SEM were shown in Figure 3 . Figure 2 (a) showed that rich oxygen-containing groups were attached to the base surface and the edge of the graphene Oxide structural unit, and these oxygencontaining groups mainly included -COOH, -OH, C=0, and epoxy-0-. These oxygen-containing groups provide a large number of active sites for the functionalization of the surface of GO. Figure 2(b) showed that the rubber particles with irregular shape could not be dissolved in the asphalt, which were wrapped by binder. There was a good adhesion between particles and binder for two-phase interface united closely. Figure 3 (c) illustrated the addition of GO to rubber asphalt to form a denser and more stable grid structure. Figure 3(d) showed SBS modified asphalt had agglomerated.
Rheological parameter analysis
According to SHRP, the shear frequency can be correlated with the amount of road traffic. When the shear frequency is between 0.01 and 100 Hz, it can simulate the normal traffic on the road. Higher frequencies simulate heavier traffic, whereas lower frequencies simulate lighter traffic [40, 41] . Therefore, when the shear frequency is 10 −3 to 10 3 Hz, it can represent the entire traffic condition. According to the time-temperature equivalent principle [42, 45] , the main curve in the wide frequency range of 40 ∘ C was synthesized by horizontal displacement superposition, and the relationship between the frequency and the composite modulus G* was obtained, as shown in Figure 3 .
It could be seen from Figure 3 that the composite modulus G* of the three kinds of asphalt decreased with the decrease of temperature. The modulus value of GORA was the highest under the same temperature, which indicated that the viscoelasticity of GORA increased with the increase of traffic volume, and the sensitivity of change was lower than that of the other two modified asphalts. Therefore, GORA was more suitable for heavy traffic and large temperature difference between day and night.
The rutting factor is used to evaluate the ability to resist permanent deformation at high temperatures. The curve of rutting factor with temperature was shown as It could be concluded from Figure 4 that GORA had the best rutting resistance, followed by RA and SBSA. This is due to the fact that GORA's denser and more stable microscopic internal structure increases its ability to resist external loads.
The phase angle reflects the ratio of the elastic component to the viscous component in the test samples. The curve of phase angle with temperature was shown as From Figure 5 , the phase angle of GORA did not change significantly with temperature, and was basically maintained at about 50,which indicated that the viscoelasticity of GORA has little effect on temperature. SBSA showed more flexibility. The phase angle of RA showed an increasing trend with temperature, which indicated that RA was more sensitive to temperature than the other two types of asphalt. This result also showed that GORA was more suitable for the climate with large temperature difference between day and night.
Results of MSCR
According to the strain collected by the test, Jnr and Jnrdiff (Jnr-dependent change rate of stress) under different stresses were calculated. The calculation method was as Table 4 : 
ε 0 -Initial deformation; εr -Residual deformation after 9s recovery; δ -Shear stress It could be seen from Table 4 that the Jnr −3.2 of GORA and RA at 64 ∘ C was 0.15 times and 0.26 times of SBSA, and both were less than 0.5, which is a heavy load standard. The Jnr-diff of GORA was 0.17 and 0.10 smaller than RA and SBSA, respectively, which indicated that GORA was less sensitive to the increase of stress level than RA/SBSA. So, it indicated that GORA was more suitable for heavy traffic. 
High temperature rutting test of mixture
The rutting test of AC-13 were carried out in the study. In order to reduce the test error, three parallel tests were carried out for each sample, and the average values were obtained. The Dynamic stability of AC-13 were shown in Table 5 . The dynamic stability (DS) of the GORA mixture was significantly more improved than that of the other two mixture. The test result investigated that anti-rutting performance was GORA > SBSA > RA.
Low temperature trabecular test of mixture
The test on beam bending at low temperature was performed for AC-13, and the results were shown in Table 6 . 
Water stability test of mixture
The Marshall test was carried out to evaluate water stability. The results of the Marshall test on AC-13-GR , AC-13-RA and AC-13-SBS were presented in Table 7 .
The experimental results indicate that the addition of GO could significantly improve the durability of asphalt mixture.
Conclusion
A rich oxygen-containing group is attached to the base surface and the edge of the GO structural unit. These oxygencontaining groups provide a large number of active sites for the functionalization of the surface of GO. Therefore, mixing GO with rubber powder and asphalt polymer can form a more dense and stable structure.
Through rheological tests, it is found that GORA has better high-temperature rutting resistance and lower temperature sensitivity than RA and SBSA, and is more suitable for heavy traffic and large temperature difference between day and night.
Through the rutting test, low temperature bending test and freeze-thaw splitting test of the asphalt mixture, it was found that the GORA mixture achieved good road performance.
